Objective: We investigated whether estradiol may prevent accelerated atherosclerosis due to hyperhomocysteinemia by enhancing the antioxidant system. Methods: Male Wistar rats were treated with placebo (P) or 1 mg (1E2) and 2 mg (2E2) 17b estradiol. Half of the animals (n56) from each group received homocysteine (Hcy, 100 mg / kg / day) administered in the drinking water for 60 days (P/ Hcy, 1E2 / Hcy and 2E2 / Hcy). Glutathione (GSH) content and glucose-6-phosphate dehydrogenase (G6PDH) activity were determined in myocardial tissues, as well as the serum Hcy concentrations and blood levels of hydrogen peroxide (H O ). The relaxation response of 2 2 aortic ring segments to acetylcholine (ACh) was used for the assessment of endothelial function, and hematoxylin-eosin stained thin sections of rat aorta were used for detection of the histological changes (namely endothelial damage and wall thickening). Results: Depression of relaxation to ACh occurred in P/ Hcy compared to P (15.764% vs. 96.367%, P,0.0001), but estrogen significantly restored endothelium dependent relaxation in hyperhomocysteinemic rats (86.869.3%, P,0.001). Histological examination revealed aortic endothelial denudation in P/ Hcy while the endothelial structures of the aorta from the 1E2 / Hcy and 2E2 / Hcy appeared normal. Significant reductions in GSH and G6PDH levels were detected in P/ Hcy (1.560.01 mmol / g and 3.2161.2 U / mg, respectively) compared to 1E2 / Hcy (2.560.3 mmol / g and 12.8161.5 U / mg, P,0.001) and 2E2 / Hcy (3.1161.1 mmol / g and 15.6664 U / mg, P,0.001). In addition, blood H O level in 1E2 / Hcy and 2E2 / Hcy remained low while it was raised significantly in P/ Hcy compared to 2 2 P (P,0.001). Conclusions: These data suggest that the observed reduction of GSH levels and suppression of G6PDH activity induced by Hcy coupled, with endothelial ultrastructural changes and impaired function, all reversed by estradiol, may have relevance to the mechanisms of atherogenesis and the beneficial effects of estrogen replacement therapy. © 2002 Elsevier Science B. V. All rights reserved.
Hyperhomocysteinemia causes endothelial dysfunction those found in the early stages of human arteriosclerosis and is recognized as an independent risk factor for have been observed in Hcy-treated experimental animals atherosclerosis [1] . The initiating step of the atherogenic [3] . Increased levels of Hcy is a contributing factor to the process is induced by generation of reactive oxygen development of premature atherosclerosis and an indepenspecies (ROS). ROS disrupts endothelial cell integrity, dent risk factor for stroke and myocardial infarction [4] . which in turn, can cause endothelial cell damage and
The mechanism whereby Hcy leads to endothelial cell predispose affected vessels to the subsequent development damage is believed to be through its auto-oxidation to of atherosclerosis [2] . Atherosclerotic plaques similar to homocystine and H O [5] . The beneficial estrogen-me- reduction, suggesting that other factors are involved [6] . homocysteinemia was induced by adding Hcy (100 mg / The antioxidant property of estrogen is believed to be one kg / day) in the drinking water for 60 days. of the mechanisms for its atheroprotective effects. The
After the 60-day period, animals were anesthetized with theory that the antioxidant potential of estrogen molecules sodium pentobarbital (50 mg / kg) and sacrificed by exsanis due to the presence of a phenol ring that scavenge guination. Blood, plasma and serum were collected and oxygen free radicals is based only on observations made at immediately stored for the measurement of H O , Hcy and 2 2 high estrogen concentrations [7] . We have previously estradiol. observed that estrogen up-regulates GSH content and G6PDH activity in dog myocardium [8] . GSH acts directly 1.2. Estradiol concentration as a free radical scavenger by neutralizing H O , restores 2 2 damaged molecules by hydrogen donation, reduces peroxRadioimmunoassay with Coat-A-Count Estradiol-6 kit ides, and maintains protein thiols in the reduced state. The (Diagnostic Products Co., CA) was used for the quantitaresistance of endothelial cells to oxidative stress is associtive measurement of estradiol in serum. The sensitivity of ated with high intracellular levels of GSH [9] . The the assay was 7.4 pg / ml. reduction of GSSG (oxidized form of GSH) to GSH requires NADPH, produced in the hexose monophosphate 1.3. Hcy concentration shunt (HMPS) by the activity of G6PDH. On this basis, we hypothesized that estradiol treatment may prevent or For determination of Hcy levels in serum we used the reduce vascular injury resulting from H O generation HPLC method described by Jacobsen et al. [14] . Total New Guard column. The excitation wavelength was set at 2 2 256 nm and the flow rate was 2 ml / min. The standard samples contained a mixture of known Hcy concentration and serum from control rats. The retention time for Hcy 1. Methods was estimated at 8.5 min.
Animals and diet

Histological evaluation
Young male albino rats of the Wistar strain (Charles At sacrifice the thoracic aortas were dissected and stored River Lab., Wilmington, MA; n536) were used in all in Bouin's fixative and processed for light microscopy. experiments. All rats weighed between 250 and 300 g.
The thickness of the post-mortem aortic sections was 1-3 They were housed in groups of three in suspended screenmm (n55 per aorta). The integrity of the endothelial lining bottomed stainless steel cages at 238C in a room with a around the aortic intima was determined from hemato-12-h light-dark cycle and fed with a commercial rodent xylin-eosin stained thin sections (5 mm, n53 per section). diet. All protocols and procedures of this investigation were approved by the Animal Care and Use Committee of 1.5. Assessment of endothelial function Georgetown University, conformed to the Guiding Principles of the American Physiological Society and the Guide Half of the aortas were kept in oxygenated Krebsfor the Care and Use of Laboratory Animals published by bicarbonate buffer, cut into 5 mm ring segments and used the US National Institutes of Health (NIH Publication No.
for bioassay. The aortic rings were suspended in 10-ml 85-23, revised 1996). organ chambers. The tension was monitored using an Rats were divided into six groups. Group P was the isometric force transducer (Model 363, Harvard Apparatus, control (male rats without estradiol), Group 1E2 and 2E2 Dover, MA). Rings were maintained at 378C in Krebsreceived subcutaneous implants of 1 and 2 mg 17b-esbicarbonate buffer solution and bubbled continuously with tradiol administered in the form of 60-day slow release a mixture of 95% O and 5% CO . Rings were equili- 2 2 pellets (Innovative Research of America Inc.). Another brated at an initial tension determined from the passive three groups (P/ Hcy, 1E2 / Hcy and 2E2 / Hcy) were treated tension-force relationship measured individually for each with subcutaneously implanted estradiol in the same ring at the beginning of the experiment. After equilibramanner as the above groups, and moderate hypertion, rings were pre-contracted with KCl (80 mM) and the relaxation response to the endothelium-dependent vasodirefrigerator and then in a Potter glass homogenizer in 8 28 25 lator ACh (10 -10 ) and endothelium-independent vol. of ice-cold isotonic (0.15 M) KCl containing KHCO 3
27
vasodilator, sodium nitroprusside (SNP) (10 -10 M) (8 ml of 0.02 M KHCO ) to maintain the pH at 7.0. The 3 were determined. supernatants were centrifuged at 4000 g for 60 min at 48C and dialyzed overnight against the same extracting medium 1.6. Glutathione concentration at 28C. G6PD activity was determined spectrophotometrically by following the rate of reduction of NADPH at Rat hearts were isolated, rapidly cleaned of connective 340 AU at room temperature. The reaction mixture contissue and immediately frozen in liquid nitrogen and kept sisted of 100 ml dialyzed myocardial supernatant, 500 ml frozen at 2708C until analysis. GSH-4000 colorimetric 0.1 M MgCl , 500 ml 0.25 M glycylglycine buffer (pH 2 assay for glutathione (OXIS, International Inc) was used 7.6) and 0.2 mg NADPH in a total volume of 2.4 ml. The for the quantitative measurement of the myocardial content reaction was started by the addition of 100 ml of 0.05 M of GSH and its oxidized form GSSG. Myocardial homoge-G6PDH [13] . nates were prepared by washing the tissue in ice-cold 0.9% NaCl solution, mincing in ice-cold 5% metaphosphoric 1.10. Statistical methods acid (MPA) and centrifuging the homogenate at 3000 g, 48C for 10 min. The upper clear aqueous layer was
The results are presented as mean6S.E.M. Analysis was collected and kept at 0-48C for assay (within 1 h); the performed with StatView statistical software. ANOVA was samples were filtered through 0.2 mm filters [10] . The total used to compare the differences between groups of the GSH was determined spectrophotometrically at 412 nm.
mean values of GSH, G6PDH and H O . Two-tail Stu- 2 2 Commercially available GSH was used as the standard. dent's t tests were also performed to compare mean differences between estrogen-treated and estrogen-free 1.7. Protein concentration groups for the total Hcy concentrations, estradiol levels, glutathione content, G6PDH activity, and hydrogen peroxProtein concentration of the samples was measured by ide levels. A stepwise logistic regression analysis was the method described by Bradford [11] . The results are preformed to evaluate the estradiol dose-response relationexpressed as nmol / mg protein.
ships. For purposes of this report, a value of P,0.05 was considered statistically significant.
Hydrogen peroxide assays
H O levels were determined in red blood cell samples, 2 2 prepared by the method of Giulivi and Hochstein [12] . the oxidation of ferrous ions (Fe ) to ferric ions (Fe ) by hydrogen peroxide under acidic conditions. The ferric Hyperhomocysteinemia did not induce any significant ion binds with the indicator dye xylenol orange to form a changes in estradiol level in the animals on high Hcy diet stable colored complex which was measured at 560 nm. compared to those on normal diet (P.0.5). Serum levels of 17 b-estradiol in P (6Hcy) were 24614 pg / ml. Rats in 1.9. G6PDH activity 1E2 and 1E2 / Hcy, receiving 1 mg of 17 b-estradiol had an estradiol level 155630 pg / ml; rats in 2E2 and 2E2 / Hcy The myocardium samples were placed in a 248C had 2-fold higher level: 302645 pg / ml (Table 1) . 
Results
. Endothelial changes
Hcy administration in the drinking water resulted in In P/ Hcy rats, hematoxylin-eosin-stained histological significantly elevated plasma Hcy concentrations, as comsections showed significant endothelial denudation and cell pared to animals that did not received Hcy. Estradioldetachment affecting 2068% of the aortic surface in all treated rats had lower total Hcy concentrations (P,0.001) H&E thin sections, respectively (Fig. 1b) . In 1E2 / Hcy and than those in non-estradiol treated groups (see Table 1 ). 2E2 / Hcy, the thoracic aortic segments revealed endothelial structure similar to those of controls (Fig. 1a and c) .
Vascular reactivity responses to ACh and SNP
Evaluation of endothelium-dependent relaxation in P showed maximum relaxation response to ACh of 96.367%. Significantly depressed relaxation to ACh was observed in aortic rings from P/ Hcy (1564%), despite a normal relaxation to the endothelium-independent vasodilator SNP, suggesting endothelial dysfunction. Estrogen treatment had no effect on control rings (1E2 and 2E2), but the aortic segment from 1E2 / Hcy and 2E2 / Hcy rats showed significantly improved relaxation response to ACh (86.869.3%, P,0.001) compared to P/ Hcy (see Fig. 2 ). The responses to SNP were not different between all groups studied (data not shown).
GSH content
Hcy caused significant depletion of intracellular myocardial GSH content (P vs. P/ Hcy, P50.02). Estradiol nmol / mg protein; 1E2 / Hcy52.560.3 nmol / mg protein placebo treated rats on Hcy diet. Fig. 3 . Myocardial GSH levels in rats on normal diet (white) and on Hcy diet (black); divided in placebo (P); estradiol 1 mg treated rats (1E2); estradiol 2 mg treated rats (2E2). *P50.02 vs. P/ Hcy; **P,0.001 vs. P/ Hcy; ***P,0.001 vs. P. and 2E2 / Hcy53.1161.1 nmol / mg protein) compared to 3. Discussion placebo6Hcy rats (P51.8760.5 nmol / mg protein and P/ Hcy51.560.01 nmol / mg protein; P,0.001).
The unique finding of our study is that estradiol prevents Hcy-induced endothelial damage in male rats, extending 2.6. H O levels our previous findings of the beneficial effects of estrogens 2 2 on the cardiovascular system [15] . The observed ultraWe found that in the RBC of P/ Hcy, H O levels were structural damage and functional impairment of the endo- 2 2 approximately 4-fold higher (7.9661.5 nM / ml, P, thelium associated with elevated Hcy levels were related 0.0001) than in the other groups. In estradiol / Hcy treated primarily to the generation of H O , depletion of myocar- 2 2 rats (1E2 / Hcy 1.560.2 nM and 2E2 / Hcy 1.560.3 nM) dial GSH content and diminished G6PDH activity. Our estradiol attenuated H O accumulation (see Fig. 4 ); in results demonstrate that estrogen mediates its protective 2 2 these groups, the H O level was close to the level found effect against Hcy-induced oxidative stress by increasing, 2 2 in the non-Hcy treated rats (P51.760.8 nM, 1E2 1.460.8 dose-dependently, myocardial GSH level and G6PDH nM, 2E2 1.060.5 nM, P.0.05).
activity. A number of studies have suggested that estradiol is responsible for the sex-linked differences in the gluta-2.7. G6PDH activity thione peroxidase (GSHPx) activity, and the rate of GSH oxidation and lipid peroxidation, as well as the enhanced Both estrogen and Hcy were found to alter the activity hepatic and myocardial G6PDH activity [8, [16] [17] [18] . Our of G6PDH. Hyperhomocysteinemia led to significant lowresults are consistent with those observations. Furthermore, ering of G6PDH activity (P/ Hcy 3.2161.2), compared to we determined that estradiol / Hcy-treated rats had conplacebo rats (P 8.2761.2 U / mg protein, P,0.001). Essiderably higher GSH levels and G6PDH activity (P, tradiol treatment dose dependently enhanced G6PDH 0.001) despite being on a Hcy-enhanced diet. Additionally, activity in placebo rats (1E2 16.8762 U / mg protein and we found that the Hcy-mediated impact on the endothelial 2E2 23.7162 U / mg protein) and significantly moderated function and integrity correlates not only with an intenthe negative effect of Hcy on the enzyme activity in sified H O formation, as reported previously [19] , but 2 2 hyperhomocysteinemic rats (1E2 / Hcy 12.8161.5 U / mg also with suppressed G6PDH activity and decreased GSH and 2E2 / Hcy 15.6664 U / mg, P,0.001 for both), (see availability in the myocardial tissue. G6PDH regulates for plasma aminothiols and GSH. Under normal conditions is the first report to show that estradiol-mediated decreases the balance of the redox-reaction is in the direction of in Hcy serum levels are associated with a very significant maintaining cellular glutathione in its reduced form reduction of Hcy-mediated atherogenetic effects on the (GSH.99%) [20, 21] . The antioxidant effects of estradiol endothelium. In this sense, one question that remains described in this study may be based on driving the unanswered is whether the anti-atherogenic effect of cellular thiol status towards this state. Hyperestradiol is due simply to the consequences of anti-oxidant homocysteinemia is associated with a decrease in the ratio system modification or is part of a more sophisticated of reduced to total plasma aminothiols and an increased mechanism regulating Hcy levels. This may be an addipro-oxidant activity [22] , augmented lipid oxidation [23] , tional mechanism underling the cardioprotective effects of higher VLDL and cholesterol levels [24] , decreased NO hormonal replacement therapy, and requires further concentrations [25] , and diminished vasodilator response studies. [26] . The most important beneficial effects of estradiol on Estrogen replacement therapy (ERT) in postmenopausal CVD are opposite of those harmful effects induced by women has shown to reduce the risk of myocardial Hcy. We also observed that the beneficial effects of infarction in users compared to non-users by 44-50% estradiol on endothelium were related closely to lower [28, 29] . On the other hand, the first two randomized serum Hcy concentrations. This finding is consistent with double blind, placebo-controlled studies (HERS) did not recently published statement from the Third National support these findings [30, 31] . Recently, Post et al. [32] Health and Nutrition Examination Survey [27] , proposed that a higher degree of ER methylation in a '' . . . higher estrogen status is associated with a decreased subpopulation of atherosclerotic tissue cells, when commean serum total Hcy concentration, independently of pared to normal aortas, might cause a lack of ER gene nutritional status and muscle mass, and that estrogen may expression. This lack of expression may result in an explain the previously reported male-female difference in inability to respond to estrogen's protective effects. The total homocysteine concentration''. To our knowledge, this methylated and inactivated ER gene in diseased vessels total homocysteine and other thiols in serum and plasma: sex may inhibit the potential protective effects of estrogens in oxidative stress.
[16] Pinto R, Bartley W. The nature of the sex-linked differences in glutathione peroxidase activity and aerobic oxidation of glutathione in male and female rat liver. Biochem J 1969;115:449-456.
